Atypical hemolytic uremic syndrome (aHUS) is a rare but severe disorder that frequently has a genetic component and results from the overactivation of the alternative complement pathway. As research moves toward improved diagnosis and therapy of aHUS, it will be important to better understand its epidemiology. Our objective was to conduct a systematic literature review to assess the incidence and prevalence estimates of aHUS globally. A comprehensive literature search was conducted in Embase and MEDLINE. Additionally, practice guidelines, databases of national/international organizations, and regulatory agencies were searched. From 2960 publications identified via MEDLINE and Embase, 105 publications were eligible for full-text screening, and a total of eight full-text articles met eligibility criteria for inclusion. Regional epidemiologic estimates were obtained for Europe and Oceania. Country-specific data were available for France, Norway, Australia, and Italy. Four of the identified studies reported on the prevalence of aHUS, prevalence in the age group of 20 years or younger was ranging from 2.2 to 9.4 per million population, while the only study that reported prevalence in all ages showed a prevalence of 4.9 per million population. Six studies reported on the incidence of aHUS, annual incidence in the age group of 20 years or younger was ranging from 0.26 to 0.75 per million population, and for all ages, annual incidence was ranging from 0.23 to 1.9 per million population. To our knowledge, this is the first systematic review conducted to provide a comprehensive overview of global incidence and prevalence estimates of aHUS. In general, incidence estimates were similar across all the studies; however, prevalence data were found to be more variable. Study limitations were related to inconsistencies in the definitions of aHUS between studies and also a dearth of epidemiological studies assessing incidence and prevalence of aHUS outside of Europe.
Introduction
Atypical hemolytic uremic syndrome (aHUS) is a severe disorder that frequently has a genetic component and results from the overactivation of the alternative complement pathway. 1, 2 The disease primarily affects kidney function and is characterized by hemolytic anemia, thrombocytopenia, and renal impairment. 3 Extrarenal complications involving the central nervous (drowsiness, seizures, encephalopathy, cortical blindness), cardiovascular (cardiomyopathy, myocardial infarction, heart failure), pulmonary (pulmonary hemorrhage), gastrointestinal (pancreatitis, intestinal bleeding), and skeletal system (rhabdomyolysis) are common and can occur in up to 20% of cases. 4, 5 An atypical classification of hemolytic uremic syndrome is usually defined with origins unrelated to cobalamin deficiency, streptococci, shiga toxin-producing bacteria, or other infections (influenza A, H1N1, HIV). [6] [7] [8] [9] Moreover, HUS (hemolytic uremic syndrome) with comorbidities (eg. autoimmune diseases, haemopoietic stem cell transplantation, malignancy, pre-existing nephropathy) can exclude an aHUS diagnosis. 8 Most cases of aHUS are associated with mutated complement factor genes which occur particularly in children. 6, [9] [10] [11] [12] [13] In children, aHUS affects females and males equally; while in adults, it occurs more frequently in females than males. 4 Subjects with complement factor H mutations have less favourable prognosis and outcomes compared to individuals with no genetic mutations. 14, 15 Due to the rarity of the disease, global aHUS disease epidemiology is not well known. 16 When reported, incidence and prevalence estimates are often combined with similar disorders such as shiga toxin-producing e.coli associated hemolytic uremic syndrome (STEC-HUS) or thrombotic thrombocytopenic purpura (TTP), leading to inaccurate estimates of the true number of individuals diagnosed with aHUS. [17] [18] [19] Although population-based estimates exist for some countries, there are gaps in global aHUS incidence and prevalence. A detailed overview of aHUS epidemiology is needed to help facilitate further understanding of its disease burden. Moreover, as improved diagnosis and therapies of aHUS are developed, agencies that review new technologies and health systems that deliver them will require better estimates of aHUS incidence and prevalence.
To our knowledge, no systematic reviews or meta-analysis have been performed to determine the global epidemiology of aHUS. To address this gap in the literature, we conducted a review of international aHUS incidence and prevalence to provide a comprehensive overview of the current epidemiological landscape. Eligibility criteria were based on population definition and study type. The population of interest were individuals diagnosed with atypical hemolytic uremic syndrome. Studies focusing exclusively on pregnancy-associated aHUS (p-aHUS) were excluded. Eligible studies included population-based observational studies assessing the incidence and/or prevalence of aHUS. Studies not published in English were excluded (Supplementary Materials S3).
Materials and Methods
Diagnosis of aHUS is most commonly defined as the absence of shiga toxin-producing e.coli (STEC) or other infection-related HUS, absence of cobalamin-associated-HUS, and ADAMTS13 activity >5-10%. 8, 9, 20 Due to the potential of including other HUS disorders in epidemiologic estimates, aHUS incidence and prevalence must have been strictly defined separately from all other HUS'. Moreover, studies were excluded if they did not report incidence or prevalence numbers explicitly for aHUS.
Data Screening and Extraction
All abstracts identified in the literature searches were screened for study eligibility. Abstracts deemed eligible were screened again by viewing the complete study publication to make a final determination as to whether or not they met the inclusion criteria. Data were then extracted from these studies, including study design characteristics (design, geographic location, database source, study duration, aHUS definition) population attributes (age, gender, medical history, laboratory values), outcomes (prevalence and incidence estimates), and study quality assessment (National Institutes of Health Quality Assessment Tool for observational cohort and cross-sectional studies; Supplementary Materials S4). 21 Study screening and data extraction were performed by two individuals working independently (KYand LG). These individuals compared their completed work to identify any discrepancies and resolve these through consensus, including a third individual if needed.
Evidence Synthesis
We initially planned to conduct a meta-analysis of prevalence and incidence. However, given the lack of uncertainty estimates (standard deviation, standard error, confidence intervals) and the heterogeneity in the identified studies, we assessed studies qualitatively.
Results
The selection process to identify studies that report aHUS incidence and prevalence is summarized in the PRISMA flow diagram (Figure 1 ). 22 A total of 2960 publications were identified via MEDLINE and Embase. No further studies were identified from searching practice guidelines, national/international organizations, and regulatory agencies. After abstract screening, 105 publications were eligible for full-text screening. A total of eight full-text articles met all inclusion criteria and were retained for data extraction. Using the National Institutes of Health Quality Assessment Tool, seven studies were identified to be of good quality and one study was assessed to be fair quality. Zimmerhackl 2006 was considered fair quality due to the nature of its case detection: prior to 2001 cases of aHUS were collected voluntarily, thereby potential cases may have been missed (Supplementary Materials S5). 23 All studies were conducted in Europe, Australia, or New Zealand. Prevalence and incidence estimates were drawn from a combination of population-based registry, hospital, and national surveillance data. Of the eight studies, five studies were retrospective, 13, [24] [25] [26] [27] one study was prospective, 28 one study was cross-sectional, 29 and one study was initially crosssectional then data were collected prospectively after 2001. 23 Three studies were conducted in individuals of all ages, 13, 24, 27 four studies were conducted in pediatrics (<18 years old), 23, 25, 26, 28 and one was conducted in adults (>18 years old). 29 Fremeaux-Bacchi et al (2013) included individuals of all ages; however, they reported baseline characteristics by age group (<16 years old, ≥16 years old). Two of the eight studies used diagnostic codes from registries to identify aHUS cases. 27, 29 There was heterogeneity surrounding aHUS definitions across the included studies. All non-registry studies unanimously defined aHUS cases to be tested STEC negative. Three studies further required cases to have an absence of diarrhea. 23, 25, 26 Bayer et al (2019) and Fremeaux-Bacchi et al (2013) were more stringent in their case definitions whereby cases were excluded if they also had particular comorbidities such as an autoimmune disease or organ transplantation (Table 1) . 13, 24 Baseline characteristics are summarized in Table 2 . Studies reporting pediatric baseline characteristics showed the mean age of diagnosis was under 2 years old and were approximately evenly split in gender. 13, 23, 26, 28 The mean age of diagnosis in adults was between 31 and 37 years old and unlike the pediatric population, the majority of individuals affected were females. 13, 24, 29 The majority of patients required dialysis at the acute phase of aHUS and almost all were anemic. Five studies reported some form of baseline characteristics. However, overall reporting was sparse with only three studies extensively providing detailed baseline characteristics. Prevalence and incidence estimates were reported in four 23, 25, 27, 29 and six 13,24-28 studies, respectively ( Figures  2 and 3 ). Incidence was measured per million annually in all except one study, Jenssen 2014 measured incidence per 100,000. 26 Prevalence was measured per million individuals across all included studies. The reported observation period for studies ranged between 4 and 29 years, with six studies reporting periods of 7 years or longer. Three studies reported prevalence at a continental or regional level, one of which also reported incidence. 23, 27, 29 Each of the five remaining studies reported country-specific incidence, including two for France, one for Norway, one for Australia, and one for Italy, which also reported prevalence. 13, [24] [25] [26] 28 Incidence In Europe reported incidence ranged between 0.23 and 1.9 per million annually in the population (Table 3) . 13, 24 In Australia the only identified study was conducted in pediatrics, 14 cases were reported with a calculated incidence of 0.44 per million annually. 28 Studies reporting incidence for individuals under 20 years of age ranged between 0.26 and 0.75 per million annually. 25, 27 Meanwhile, in adult studies, incidence ranged between 0.42 and 1.9 per million annually. 24, 27 Two studies were conducted in France and showed an increase in incidence between 2000 and 2016. 13, 24 The largest reference population was in Europe, with more than 745 million people (745 243 760) and incidence of aHUS was 0.39 per million total population annually. 27 
Prevalence
In individuals under 20 years of age, prevalence ranged between 2.21 and 9.4 per million people (Table 3) . 25, 27 Jenssen 2014 further reported prevalence by age group and found the highest prevalence to be in children between 0 and 4 years of age (3 per million children population). Between ages 5-9 and 10-15, prevalence declined to 0.3 to 0 per million children population. 26 Prevalence in adults was higher in Europe compared to Australia/New Zealand (5.75 to 2.4 per million people, respectively). 27, 29 The largest reference population was in Europe, with more than 16 million people (16,427 365 ) and prevalence of aHUS was 4.96 per million total population. 27 
Discussion
This systematic review provided a comprehensive overview of currently available incidence and prevalence estimates globally of aHUS. Incidence was found to range between 0.23 and 1.9 per million population annually, depending on region and age group. Prevalence figures ranged from around two to ten per million population, also depending on region and age. Studies assessing incidence of aHUS in the pediatric age group were conducted predominantly in Europe and Australia; results were comparable between studies for this age group. Prevalence data for pediatrics were primarily from Europe, with the highest estimate observed in one Italian study. Studies reporting incidence in adults were also mainly conducted in Europe, with one study in France having a noticeably higher number of observed new aHUS diagnoses per year. Prevalence data for adults were available from studies predominantly conducted across Europe and Australia, with similar estimates found between studies.
To our knowledge, no systematic reviews have been conducted to survey the global epidemiologic landscape of aHUS. Although a protocol was previously published to determine incidence and prevalence of aHUS in Iran, no data appears to have been reported yet from this study. 30 We found that the majority of studies in the literature examined broadly defined conditions such as HUS, TTP, or STEC-HUS. [31] [32] [33] One study of note that we did not include investigated non-enteropathic hemolytic uremic syndrome, a condition closely related to aHUS, in the United States. Although results from this study have been used to inform aHUS incidence in the United States, we did not include this study in our systematic literature review because we focused exclusively on studies assessing aHUS only. 4, 34 We found the case definitions for aHUS to be heterogenous across the included studies. This could be due to the heterogeneity of patients with aHUS and ambiguity surrounding clinical presentation and difficulties with diagnosis of the condition. 10 A small proportion of cases included in the study conducted by Fremeaux-Bacchi et al (2013) were pregnancy-induced aHUS; consequently, the true incidence of non-pregnancy associated aHUS may be moderately lower in this study. 13 The two studies (Fremeaux-Bacchi et al, 2013 and Bayer, 2019) conducted in France showed an increasing incidence of aHUS in more recent years. 13, 24 This could possibly be due to an improved understanding of the clinical presentation and pathophysiology of the disease, leading to more identified cases. 35 Prevalence of pediatric aHUS was found to be higher in an Italian study. 25 This may be due to the study specifying the inclusion of individuals diagnosed with pneumonia-associated HUS or cobalamin-associated HUS in their aHUS cases. Pneumonia-associated HUS is often seen in pediatrics leading to a higher reported incidence compared to the other studies. 36 Jenssen 2014 included two cases of pneumonia-associated HUS and one case of campylobacter-related HUS, thereby true aHUS incidence may be lower than reported. Wuhl (2014) mapped Orphanet rare disease to the ERA-EDTA PRD codes.
The study used ERA-EDTA registry data to report incidence and prevalence of aHUS in end-stage renal disease/ renal replacement therapy (ESRD/RRT) patients. However, the registry was unable to differentiate between aHUS and other HUS conditions and patients who did not reach ESRD/RRT were not included. Moreover, few pediatric patients progress to ESRD/RRT for STEC-HUS, any studies that report a higher proportion of patients reaching ESRD/RRT <20 years old suggest that most of these cases are primary aHUS. Due to these limitations, incidence and prevalence of aHUS is most likely underestimated.
This study has some strengths and limitations. This study was not restricted to any geographical location, population, or age group. Moreover, the majority of studies included in our systematic review were of good quality. Case definitions were available to allow for comparability across studies. This study only included validated aHUS cases which provided a more consistent estimate of incidence and prevalence. Nonetheless, across all our included studies, variations in reference population sizes, aHUS case definitions, and study design can potentially impact the number of identified cases. On the other hand, the lack of studies reporting uncertainty estimates and the heterogeneity across study populations did not permit further synthesis of data with a meta-analysis to provide pooled estimates. Surprisingly, population estimates were lacking for other large countries such as the United States or Canada. As a result of sparse reporting of aHUS epidemiology in the literature, we were limited to capturing data from two continents.
Conclusion
To our knowledge, this is the first systematic review conducted to provide a comprehensive overview of currently available global incidence and prevalence estimates of Note: *One pediatric case in the study.
aHUS. In general, incidence estimates were similar across all the studies; however, prevalence data were found to be more variable. Noticeable evidence gaps include inconsistent case definitions for aHUS and a dearth of epidemiological estimates of prevalence and incidence for aHUS outside of Europe. 
